Metal-containing diamond-like carbon (Me-DLC) films were prepared by a combination of plasma source ion implantation (PSII) and reactive magnetron sputtering. Two metals were used that differ in their tendency to form carbide and possess a different sputter yield, that is, Cu with a relatively high sputter yield and Ti with a comparatively low one. The DLC film preparation was based on the hydrocarbon gas ethylene (C 2 H 4 ). The preparation technique is described and the parameters influencing the metal content within the film are discussed. Film properties that are changed by the metal addition, such as structure, electrical resistivity, and friction coefficient, were evaluated and compared with those of pure DLC films as well as with literature values for Me-DLC films prepared with a different hydrocarbon gas or containing other metals.
Introduction
Diamond-like carbon films offer many advantages such as high hardness and wear resistance, low friction coefficient, low surface roughness, chemical inertness, and optical transparency. Accordingly, DLC is used in a variety of applications such as protection layer on magnetic media, lubricating layer on sliding parts, and coating on biomedical implants, as antireflective coating [1] or diffusion barrier [2] . Disadvantages of DLC are its poor thermal stability [3] , high internal stresses which might lead to poor adhesion on some substrates such as steel and copper [4] , and an increase of friction coefficient with humidity [5] . Most of those limitations can be circumvented by a modification of the DLC film, that is, by the addition of one or more elements to the film [6] . Apart from a few light elements, for example, B [7] , N [8] , or F [9] , mainly transition metals are added for this purpose [6, 10] .
DLC films can be produced by a variety of methods [11] , which include plasma source ion implantation (PSII) [12, 13] . This technique makes it possible to coat complex shaped three-dimensional samples homogeneously without the use of sample manipulation [14] . The sample is placed within a plasma and the ions of this plasma are accelerated towards the sample by a negative voltage applied to the sample or to the sample holder. By using a hydrocarbon gas, DLC films can be produced [15] . Usually, a pulsed high voltage is used to avoid excessive heating of the substrate.
The choice of hydrocarbon gas whose molecules (or fragments thereof) will form the DLC layer depends on the desired properties, and thus the application, of the DLC film [16] . Considerations are the implantation depth, the deposition rate, the hydrogen content, and the structure of the DLC film. While small molecules such as methane (CH 4 ) are the preferred choice for implantation, they tend to provide only low deposition rates. The use of bigger molecules is equivalent to higher deposition rates. To keep the hydrogen content in the DLC film low, usually molecules with a parity or near-parity of the number of C and H atoms are chosen; that is, acetylene (C 2 H 2 ) and toluene (C 7 H 8 ) are commonly 2 Advances in Materials Science and Engineering used. A higher hydrogen content will decrease the hardness of the films [17] . Then again, the friction coefficient is generally lower when the hydrogen content is higher [18] . Here, we will show that the use of ethylene (C 2 H 4 ) is a suitable choice for the preparation of DLC films, too.
A metal can be added to the DLC film by sputtering. Magnetron sputter sources are a mature and affordable technology. However, most of the sputtered material is provided in a neutral state [19, 20] , provided that no high power impulse sputtering is used [21] . Below, evidence will be provided that in combination with the PSII process some of the sputtered metal atoms are ionized by the plasma and can thus be implanted into the substrate. The combination of a magnetron sputter source with plasma source ion implantation is sometimes called magnetron plasma source ion implantation [22] .
When metal sputtering is combined with DLC deposition by PSII, the setup transforms into a reactive sputtering system. Even though argon is commonly used for the sputtering of the metal, the precursor for the DLC film is also in the vacuum chamber at the same time. Hence, the hydrocarbon will deposit onto the sputtering target, too. This leads to target poisoning which reduces the deposition rate of the metal but in turn provides more carbon to the sample. One way to change the amount of metal within the deposited film is to vary the ratio of the flow rates of argon and hydrocarbon gas [23] . As this process also depends on the sputter yield of the metal, the incorporation of different metals into the DLC film requires different preparation parameters. This will be exemplified by the use of copper and titanium.
Materials and Methods
In this study, reactive magnetron sputtering with a mixture of Ar and a hydrocarbon gas (C 2 H 4 ) in combination with PSII was used to produce Me-DLC films on silicon wafer and glass substrates. Metal discs were used as targets for the sputter source, which was operated in RF power mode. A negative high voltage pulse was applied to the substrate holder. This voltage was also used to generate the plasma; that is, there was no additional plasma source (apart from the sputter source). The distance between the sputter source and the sample holder was in the range of 10 cm. For a schematic of the setup, see Figure 1 . The content of metal was varied by changing the flow rate ratio of Ar and the hydrocarbon gas, that is, retaining an Ar flow rate of 20 sccm and varying the C 2 H 4 flow rate, while keeping the same pressure of 0.7 Pa by changing the pumping rate.
The metal content and the distribution with depth were measured by Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS). Additional depth profiles were recorded by secondary ion mass spectrometry (SIMS). The structure of the films was investigated by glancing incidence X-ray diffraction (XRD), Raman spectroscopy (514 nm wavelength), and XPS. The electrical resistivity was measured with a four-point probe and the tribological properties with a ball-on-disk setup using a tungsten carbide ball (6 mm diameter, force 1 N, linear speed 10 cm/s, test at room temperature and ∼20% relative humidity). The film adhesion was measured with a pull-off test of an Al pin that was glued to the surface by an epoxy resin.
Results and Discussion

Preparation Process and Metal Content.
With a combination of sputtering and PSII both parts will influence the film properties.
In accordance with the concept of PSII, ions generated from the surrounding gas are implanted into the substrate. Using exclusively a hydrocarbon gas, some of its molecules will be ionized when the high voltage pulse is applied to the substrate. As a consequence, a DLC film will be deposited on the substrate. With C 2 H 4 DLC films can be grown. Figure 2 shows that the carbon from the C 2 H 4 is not only deposited onto the substrate, but also implanted into it (process conditions: −15 kV, pulse length 10 s, and 1 kHz repetition rate). The SIMS depth profile of the carbon shows a slowly declining signal that reaches several ten nm into the silicon substrate. In the case of a carbon film of similar thickness, which was deposited by evaporation of a carbon thread in a carbon coater, the slope of the signal is much higher.
Adding argon to the plasma gas changes the film structure. Now, not only the hydrocarbon molecules are ionized but also some of the argon atoms. When the argon ions hit the substrate, they will introduce more energy into the film. On the one hand, this leads to a higher disorder within the film caused, for example, by broken bonds. On the other hand, the argon will remove some of the already deposited film by sputtering, thereby decreasing the deposition rate.
Sputtered particles from a magnetron sputter source in proximity of the substrate can be considered to contribute to the gas phase. Hence, at least some of the sputtered particles should be ionized by the plasma from the PSII part of the setup. An easy way to demonstrate this is the preparation of a metal layer on a flat substrate by using only argon as process gas, one time without and one time with pulse bias applied to the sample holder. Depth profiling through the interface of the samples reveals that the interface is wider in the case when a pulse bias is used. In Figure 3 SIMS depth profiles are shown with only the signal of 48 Ti of both samples. The wider interface is apparent for the case of the pulse bias (−10 kV with 1 kHz repetition rate and 10 s pulse length). The metal was implanted into the substrate, even if some part of this wider profile might be attributed to knock-on effects of the argon ions that impinge onto the sample during the high voltage pulse. Because of the metal gradient within the interface the adhesion of the metal layer is higher than in the case of no pulse bias. The adhesion of a sputtered copper film on silicon increases by about 15% when a pulse bias is used, from 29 to 34 MPa.
The second important process is occurring at the sputter source. The main parameter that influences not only the deposition rate of the Me-DLC film but also the metal content within the film is the ratio of the flow rates of the process gases. Usually, the flow rate of argon, which is used for sputtering of the metal target, is much higher than that of the hydrocarbon. Starting with a flow rate of zero for the hydrocarbon, there is obviously only the deposition of metal onto the substrate. Increasing the relative flow of the hydrocarbon to a few percent, there is a sharp decrease in metal content [24] . Because the hydrocarbon in front of the sputter source is ionized in the same way as the argon is, it is also accelerated onto the sputter target. In contrast to argon, the hydrocarbon tends to form a film on the target. Depending on the relative amount of incoming and deposited carbon ions and of the impinging argon ions, the thickness of the carbon film on the target is changed. When the target is completely covered with carbon, no metal will be deposited onto the substrate any more but only carbon which is sputtered from the target. To avoid this, the relative amount of argon is kept high. In Figure 4 the resulting metal contents for Cu and Ti as measured by XPS are presented for different flow rates of C 2 H 4 at a fixed flow rate of 20 sccm for Ar. While at 2 sccm of C 2 H 4 there is nearly no titanium in the samples because of the target poisoning, there is still about one-third of metal content in the case of copper. These values refer to the surface of the Me-DLC films. The sputter yield of copper is much higher than that of titanium. For argon ions at an energy of 1 keV, the yield is 3.8 for copper but only 0.9 for titanium, according to SRIM [25] simulations. No metal was found in the surface of different metal DLC films when the relative amount of methane in the process gas constituted 25% or more [24] . Here, a similar observation can be made. At above 5 sccm C 2 H 4 flow, the copper content in the film is not more than 1 at.%.
Depending on the time scale of the target poisoning, a gradient of the metal can develop during the deposition. At first, that is, near the substrate, the metal content will be high. With time the hydrocarbon deposits onto the target, diminishing the amount of sputtered metal. In Figure 5 SIMS depth profiles of two Cu-DLC films prepared with different flow rates of C 2 H 4 and a constant flow rate of 20 sccm of argon are shown. The deposition time was 20 minutes. For the higher metal content, a more or less constant concentration throughout the film was found. Higher flow rates of the hydrocarbon lead to a decrease of the metal content towards the surface. In the case of 6 sccm C 2 H 4 flow it can be seen that it takes about 15 minutes until the process of target poisoning is completed. For certain applications this metal gradient might be desirable and can be produced in this way. If a constant metal concentration throughout the film is required, the process should initially be run with a closed shutter in front of the magnetron source and with no high voltage applied to the sample holder until a steady state is reached. The state of the target poisoning can be controlled by means of optical spectrometry [26] , for example, provided that there is a line of sight to the plasma in front of the magnetron sputter source.
Structure of Me-DLC Films.
When considering the structural changes within the DLC film, it can be found that the results depend on the type of metal. When a carbide forming metal such as Ti, Ta, W, Mo, or Nb is added in sufficient concentration, small crystalline metal carbide clusters are formed. While no signal for TiC could be found in XRD diffractograms of our Ti-DLC samples (not shown here), with a maximum Ti content of about 20 at.%, a higher metal concentration leads to signals stemming from the carbide phase. In the case of tungsten, there are two phases involved, that is, the WC and the -WC 1− phase [27] . In the case of Mo, the carbide phase Mo 3 C 2 was detected for Mo concentrations of 11 at.% and above [28] . There is a transition from the metalcontaining amorphous phase for low concentrations to the metal carbide phase for higher concentrations.
In XPS spectra of the metal signal, here Ti2p, its position is at the one of the carbide, TiC; see Figure 6 (a). The presence of the carbide phase can also be seen for higher metal contents in the C1s signal. For a metal content of about 20 at.% a shoulder in the signal towards lower binding energies can be seen. This feature is absent in the case of smaller metal concentrations, for example, 2 at.% in Figure 6 (b). Similar results were found based on Ti-DLC films prepared by C 2 H 2 [29] . At around 19 at.% Ti a shoulder in the C1s signal is apparent which indicates the formation of TiC. At higher contents, such as 42 at.%, most of the C1s signal represents TiC, while only a small peak for pure C is left. The binding energy of the Ti2p signal shifts accordingly from the Ti to the TiC position. It was concluded that the amorphous metalcontaining DLC phase and carbide nanoparticles coexist in a range of roughly 10-30% metal [22, 28] , depending on the type of metal. With Ni, Fe and Co carbides were only observed for metal contents of 60% or more [28] . In the case Generally, smaller metal particles within a DLC film are amorphous, whereas larger nanoparticles are of a (poly)crystalline nature [30] . Particle radii increase monotonically with increasing metal content and so do the particle distances [31] . For Nb-DLC and Mo-DLC a crystallite size of 4-6 nm was reported [24] . For Ti-DLC films crystallites of TiC of a similar size (about 10 nm) were found for an amount of 30% of Ti within the films [32] . For Ni the crystalline size was estimated as about 4 nm for a 13% Ni-DLC film [28] .
Metals that do not form any carbide, or only weakly, are present as nanocrystalline metal particles within the DLC film. The Ag particles in a film with 3.8 at.% were of several nm size [33] . For copper, nanocrystals with sizes in the range of 15-30 nm were found in samples containing 11-23% Cu [34] .
In addition to the formation of carbide, the structure of the carbon film is also affected by the metal incorporation. The films exhibit the two typical features of amorphous carbon films, the D peak around 1350 cm −1 , and the G peak in the vicinity of 1550 cm −1 [35] . Pure DLC films prepared with C 2 H 4 and a pulse voltage of −10 kV possess an intensity ratio of the D peak and the G peak ( D / G ) of around 1. This value is a bit higher than the comparison value of 0.86 for films prepared at −10 kV with a pulse of 5 s length and 1 kHz repetition rate at a pressure of 2 Pa C 2 H 2 [36] . Evaluating the hydrogen content of the films by the slope of the luminescence background from the Raman spectra and an empirical formula which links it to the hydrogen content [37] , a value of around 30 at.% is derived. This is more than the 26% found for samples made by C 2 H 2 [38] ; this is expected, however, since the precursor C 2 H 4 contains double the amount of hydrogen.
When adding the metal, the D / G ratio increases, to values of about 1.7 in the case of copper and to values between 2 and 2.5 in the case of titanium. There is no clear dependence on the metal content. The position of the G peak is in the range of 1570 cm −1 which indicates, together with the increased intensity ratio and a narrower G peak, an increase of the average crystallite size of sp 2 -bonded clusters [11, 37, 39] . Similar observations were made before for carbide formers like Ti [22] and W [27] , but also for noncarbide formers like Ag [33] .
The ratio of sp 2 -and sp 3 -bonded carbon is also affected by the incorporation of metal into the film. For vanadium it was found that the ratio shifts from 75 : 25 for a pure DLC film to 38 : 62 for a sample with 48% vanadium carbide and to 20 : 80 for a film with 60% vanadium carbide [40] . In some cases, for example, for copper, an initial reduction of sp 2 content was followed by an increase again with higher copper concentrations [34] .
The addition of clusters of metal or metal carbide particles leads to an increase of the surface roughness of the Me-DLC films as compared to pure DLC films. While the latter are generally very smooth with values in the range of 0.1 [41] to 0.2 nm [33] , Me-DLC films can exhibit a roughness up to several nm. Ti-and Mo-DLC films seem to be not so rough with values of 0.4 [24] and 0.3-1.1 nm [24, 28] , respectively. Nb-and W-DLC films [24] as well as Ni-DLC films [28] can reach several nm of roughness. Especially for metals that tend to form islands when a film is grown, such as silver, the roughness increases with silver content and globular domains can be seen on the film surface [41, 42] .
Electrical Resistivity.
Connected with the addition of metal to the DLC film is a drop in electrical resistivity. In Figure 7 this is displayed for the Ti and Cu containing DLC films as a function of the carbon concentration. The starting values for a pure DLC film are around 10 Ωm, which is in the same range as for films prepared by C 2 H 2 [22, 29] . With a few percent of metal added the resistivity drops sharply. With metal concentrations around 20-25% there is already a drop of about two or three orders of magnitude, which has also been noted for Co and Au additions [43] . When about half of the film consists of metal, the resistivity is merely around 10 −5 Ωm. From the values in Figure 7 no distinct differences can be seen when comparing Ti-and Cu-DLC films. The decrease of the resistivity with metal content is in most cases nonlinear. This is connected with the structural changes as outlined above and with the changes in the conduction process. With the addition of metal there is a transition from thermally activated conduction along linkages or chains of sp 2 carbon atoms [44] to a process following a percolation law [45] . With metal clusters surrounded by a carbon matrix, there is a combination of percolation and hopping going on. Especially for nickel and iron the different conduction processes lead to a change of electrical resistivity with strain, which can be exploited to manufacture strain sensors [46] . Figure 8 shows the friction coefficient of a pure DLC film and three Ti-DLC films with different Ti contents during a tribology test with a ball-ondisk setup. With a value of 0.05-0.08 the friction coefficient of the pure DLC film is in the same range as the one of the DLC film prepared by C 2 H 2 [47] . Even though the film here contains more hydrogen, the difference is apparently not large enough to influence the friction coefficient markedly. With the addition of titanium, the friction coefficient can be decreased. The addition of less than 2 at.% Ti reduces the friction coefficient slightly, to values of around 0.05. A similar effect was reported for Ag-containing films, where 1.8 at.% Ag reduced the friction coefficient to about 0.06 [42] . In case of the Cu-DLC films the friction coefficient of a film with about 1 at.% Cu is similar to the one of the pure DLC film with about 0.06. For a higher Cu content of 9 at.% the friction coefficient is higher, about 0.22. Values below 0.1 have been reported for other metalcontaining DLC films, for example, for 11 at.% Mo [28] and 27 at.% Ta, although there is a large range of Ta content with similar effects [22] , and with 9 at.% W [29] . For Ni, Fe, and Co [28] no improvements were found. For Ti-DLC films prepared with C 2 H 2 no reduction of the friction coefficient with the addition of Ti was found [29] , in contrast to the results reported here.
Tribological Performance.
Factors for the higher friction coefficient with larger amounts of metal are the hardness and the surface roughness. The hardness increases for additions of carbide forming metals, although it takes a volume fraction of about 25% of the metal carbide for distinct changes to be observed [43] . With the addition of noncarbide forming metals, the hardness decreases with metal content, for example, for Ag-DLC films [48, 49] . The surface roughness usually increases with metal content. At low metal contents, small metal precipitates are present, whereas the surface roughness and the hardness are only slightly affected. As a consequence of the nanoscale precipitates [50] , the friction coefficient can decrease, as is shown in Figure 8 .
The wear of the metal-containing films is slightly higher than that of the pure DLC film. The wear track of the Me-DLC samples after 5000 rotations is about 20-30 nm deep, as measured with a profilometer, with no distinct dependence on metal content. The pure DLC film features a wear track with about 15 nm depth after the test. The higher wear of W containing DLC films was noted before [51] .
Conclusions
By the use of ethylene gas in combination with reactive magnetron sputtering, metal-containing DLC films can be prepared. The films prepared by C 2 H 4 possess a different film structure as compared to ones made by C 2 H 2 as evidenced by a higher D / G ratio and a higher hydrogen content.
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The different sputter yields of the metals require different flow ratios of the argon and the hydrocarbon gas to prepare Me-DLC films with similar metal contents. The role of target poisoning of the metal target by the hydrocarbon was exemplarily shown via depth profiles of the Cu-DLC films. The Ti forms carbide within the Ti-DLC films and leads to more distinct changes in the Raman spectra, in contrast to the Cu-DLC films. The effect on the electrical resistivity of the films was similar for both metals, whereas a decrease in friction coefficient could be observed for low content Ti-DLC films and an unchanged friction coefficient for low content Cu-DLC films. Higher metal concentrations lead to a considerably higher friction coefficient, with the value of the Cu-DLC films being higher than the ones of the Ti-DLC films.
